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ABSTRACT

Activated carbon has been used as a substrate for efficiently removing high explosives
(HEs) from aqueous and gaseous waste streams.  Carbon that is saturated with HEs,
however, constitutes a solid waste and is currently being stored because appropriate
technologies for its treatment are not available.  Because conventional treatment
strategies (i.e., incineration, open burning) are not safe or will not be in compliance with
future regulations, new and cost-effective methods are required for the elimination of this
solid waste.  Furthermore, because the purchase of activated carbon and its disposal after
loading with HEs will be expensive, an ideal treatment method would result in the
regeneration of the carbon thereby permitting its reuse.  Coupling chemical and biological
treatment systems, such as those described below, will effectively meet these technical
requirements.

The successful completion of this project will result in the creation of engineered
commercial systems that will present safe and efficient methods for reducing the
quantities of HE-laden activated carbon wastes that are currently in storage or are
generated as a result of demilitarization activities.  Biological treatment of hazardous
wastes is desirable because the biodegradation process ultimately leads to the
mineralization (e.g., conversion to carbon dioxide, nitrogen gas, and water) of parent
compounds and has favorable public acceptance.  These methods will also be cost-
effective because they will not require large expenditures of energy and will permit the
reuse of the activated carbon.  Accordingly, this technology will have broad applications
in the private sector and will be a prime candidate for technology transfer.

INTRODUCTION

Research and development activities involving high explosive (HE) compounds at federal
facilities, including U.S. Department of Defense (DoD) ammunition plants and
Department of Energy (DOE) laboratories, have resulted in the contamination of soils and
ground waters.1,2  Environmental laws and regulations now in place require remedial
actions and controls to remove such contamination or to treat it to levels that are safe for
the environment and public health.  Furthermore, regulations currently under
consideration are likely to impose stricter cleanup criteria (i.e., from ppm to ppb levels3)
and to restrict or prohibit open burning/open detonation (OB/OD) of HE wastes.
Although activated carbon can be used to effectively meet these wastewater cleanup
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criteria, HE-laden activated carbon is itself a listed hazardous waste4 and technologies for
its treatment are not available.

Biological treatment processes are attractive because they can result in the complete
destruction of hazardous compounds.  However, conventional biological treatment
processes suffer from a general lack of reliability, especially when used in the
degradation of hazardous compounds.  For example, intermittent changes in the
concentration of the hazardous constituents in a waste stream makes the maintenance of a
continuously acclimated culture for the biological degradation of such substances very
difficult.  We have addressed these problems and are in the process of implementing a
novel biological system for the treatment of HE compounds that are initially sorbed on
activated carbon.5,6

TECHNICAL APPROACH

Overview of Approach

The approach that we have adopted will provide flexible options for the treatment
of HE-contaminated waste water and HE-laden activated carbon.  The use of
activated carbon as a pretreatment step is attractive because it permits maximum
efficiency for wastewater cleanup and can be readily coupled to biological
treatment, which accomplishes waste destruction.  Because the use of activated
carbon as a treatment for the removal of HE from aqueous-waste streams has been
well established, we have focused our efforts on developing systems for the
biological treatment of waste water and the regeneration of HE-laden activated
carbon.  The adsorption, solvent/thermal desorption, and biological treatment
steps of the process have been defined and feasibility testing for the hydrolytic
regeneration of activated carbon also has been performed.  The main thrust of this
work, however, was the design and construction of a pilot-scale treatment system
that could be used to test and demonstrate these approaches.  This system, which
was constructed and has been installed at the U.S. DOE Pantex Plant in Amarillo,
Texas, can be readily adapted for the treatment of waste water and the activated
carbon that is currently in use or being stored as hazardous waste at U.S. DOE and
DoD facilities.

Adsorption and Desorption of HE From Activated Carbon

Two types of activated carbon are being used in our studies.  The first is a
relatively low-grade carbon (ABG-30) that has a mean particle diameter of 1.6
mm, a total surface area of 1,000 m/g (as determined by BET analysis) and is
commonly used for wastewater treatment.  The second carbon, Filtrasorb-400, has
a mean particle diameter of 0.65 mm and a total surface area of 950 m/g (BET).
Because we have found that the Filtrasorb-400 carbon has a very high efficiency
and loading capacity (i.e., up to 40% by weight) for the removal of RDX and
HMX from aqueous solution, we selected it for use in our pilot-scale treatment
system (see below).  Recovery of RDX and HMX from this carbon has been
possible by treating it with a solution of ethanol and water (50/50; v/v) at elevated
temperatures (i.e., > 70 ˚C).  Carbon thus treated can be reused to remove HE
from aqueous-waste streams.  In addition to these studies, Dr. Stan Caulder of the
Naval Surface Warfare Center (Indian Head, Maryland) is performing surface-
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area and surface-chemistry analyses to determine the effects of multiple
regenerations on the physical and chemical properties of activated carbon.

The feasibility of using base hydrolysis as an initial treatment for the removal and
destruction of HEs sorbed to activated carbon was also assessed and has produced
very promising results.  Because this approach has not yet been integrated into our
overall treatment scheme, however, the results of this work are presented at the
end of this report and we are continuing to pursue this process in fiscal year (FY)
1995.

Development of a Biological Treatment System

Although HEs are generally refractory to biological degradation, microorganisms
are present in the environment that have the ability to degrade these
compounds.7,8,9  In addition, there is evidence that microorganisms that have
been chronically exposed to HE compounds are "optimized" metabolically to
perform this degradation.10  Based on this evidence, we found and acclimated for
the degradation of HMX and RDX a consortium (i.e., a mixture) of
microorganisms that could be maintained in biological reactors.

Because a wide diversity of microorganisms probably is required to carry out the
HE-mineralization process, microbial populations obtained from different sources
were used to develop the consortium for the treatment of HEs.  The first source
was located at the Lawrence Livermore National Laboratory's Site 300 high-
explosive testing facility.  Microorganisms were acquired from a lagoon that had
historically received process waters from HE formulation and machining
operations.11  The second source of microorganisms was obtained from a Publicly
Owned Treatment Works (POTW) in Los Angeles, CA (Hyperion Water-
Treatment Plant), which is designed to treat municipal sewage and waste waters.
In a POTW, contaminants are removed from water by direct microbial
degradation or adsorption onto biological flocs that are subsequently removed in
secondary clarifiers.  These systems are effective because microbial degradation
of organic compounds is mediated by enzymes of broad specificity, which are
induced by structurally-related compounds.  The populations of microorganisms
present in a POTW, therefore, are robust and can be readily optimized for the
treatment of waste water containing a variety of organic compounds.12

Both sources of microorganisms were mixed together and maintained in batch
reactors that received mineral nutrient solutions supplemented with low
concentrations (e.g., < 5 mg/L) of HMX and/or RDX.  The degradation of parent
compounds as well as the appearance of degradation products was monitored by
high-performance-liquid-chromatography (HPLC).  This approach was used to
identify the nutrient solution that would provide an optimal environment for the
degradation of the HE compounds (see below).

The consortium of microorganisms that was ultimately selected for use in the
treatment of HE was found to require a cosubstrate as a carbon and energy source
in order to sustain microbial growth and HE transformation.  Although many
carbon sources can provide sufficient energy for microbial growth and
metabolism, they do not equally support HE degradation (Fig. 1).  For this reason,
ethanol was selected as the cosubstrate of choice because it produced superior
results for the degradation of RDX and HMX.  Concentrations of ethanol that do
not exceed 25 g/L were found to provide optimum degradation of RDX and
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HMX, while ethanol in excess of 25 g/L was toxic to the microbial consortium.
In addition to the requirement of a cosubstrate, the microbial consortium requires
nitrate as an electron acceptor and several trace nutrients to support growth (Table
1).  The presence of nitrate is critical because the consortium can neither grow nor
degrade HE without it.  The denitrifying function of this consortium is beneficial
to waste treatment as it results in the removal of nitrate and nitrite, which are
potentially hazardous byproducts, and produces nitrogen gas, which is benign.  In
addition, carbon-14 labeled RDX was used to verify that this consortium is
capable of mineralizing this compound as evidenced by the production of carbon-
14 labeled carbon dioxide.

The denitrifying consortium was subsequently used to define process conditions
for the treatment of an HE-contaminated waste stream.  Laboratory-bench scale
columns were used to develop fixed-bed bioreactors that held immobilized
microorganisms.  These columns, which were approximately 50 cm in length and
1 cm in diameter, were filled with small silicone cylinders that provided surface
area for the immobilization of microorganisms.  Following the establishment of
microbial biomass, these columns were operated in a flow-through mode for the
treatment of HE.  Following the successful treatment of RDX and HMX, pilot-
scale columns were designed for the coupled treatment system (see below).

Treatment-System Design

In the system that was developed (Fig. 2), HE-contaminated wastewater is treated
first by activated-carbon adsorption columns, which effectively remove the high
explosive from the waste stream.  Heated water and solvent are then recirculated
through the exhausted columns to regenerate them.  The HE-laden fluid is treated
using the denitrifying consortium of microorganisms, which uses the ethanol as a
carbon source and converts the HE to less hazardous end products.  Based on this
design, a pilot-scale treatment system was constructed and is currently undergoing
evaluation at the U.S. DOE Pantex Plant in Amarillo, Texas.  This system consists
of 2-m × 0.1-m glass columns that have been filled with either activated carbon
(Filtrasorb-400) or with plastic saddles for supporting microbial growth.
Two biological columns have been inoculated with the denitrifying consortium by
introducing seed obtained from the laboratory-bench scale columns.  The system
was subsequently allowed to establish biomass by running it with nutrients and
HMX and RDX (see Table 1) in a recirculating mode at low rates of flow (e.g.,
1 L/h).  The carbon column is currently being used to treat HMX-laden waste
water and will undergo regeneration after it is loaded.

The pilot-scale treatment system has undergone an initial series of tests for
determining its ability to degrade HE compounds.  In these tests, the system was
operated in a once-through mode with RDX and HMX added to the influent
stream.  Ethanol and micronutrients were also added to the influent to support
organism growth and HE degradation.  The biological system efficiently removed
the HE compounds from solution as evidenced by their absence in the effluent
stream (Fig. 3).  Analysis of the off-gas from the biological column has revealed
that the system is in fact operating in a denitrifying mode as evidenced by the
presence of nitrogen gas (N2) and the lack of nitrous oxide (N2O) (Table 2).
Analyses are currently underway to identify the presence of organic byproducts in
the aqueous effluent.
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The demonstration and testing of the coupled activated carbon/biological
treatment system is currently in process.  The activated carbon column that is
being loaded with HMX is approaching saturation and will be used to demonstrate
the feasibility of this approach for carbon regeneration.  This column will be
regenerated via solvent (ethanol)/thermal (80 ˚C) desorption and the recovered HE
will be treated in the bioreactor.

Regeneration of Activated Carbon via Base Hydrolysis

Although base hydrolysis has been known to degrade HE compounds for quite
some time13, it has received renewed attention as a method for destroying bulk
HE.  In this process, a caustic solution (e.g., pH > 12) is used to degrade
compounds such as RDX and HMX to smaller molecular weight products via
hydrolysis.14  Using this approach, we investigated the feasibility of using base
hydrolysis for regenerating HE-laden activated carbon.  Initial experiments were
conducted to define the kinetics of RDX and HMX hydrolysis in dilute aqueous
solution.  The results of these experiments indicate that hydrolysis occurs rapidly
and proceeds via a second-order rate constant at a temperature between 50 and
80 ˚C (Fig. 4).

The regeneration of RDX-laden activated carbon (ABG-30) via base hydrolysis
was performed a total six of consecutive times on the same batch of carbon with
no detectable loss of sorptive capacity (Fig. 5).  Companion studies using carbon-
14 labeled RDX verified that removal of this HE was complete following a two-
hour treatment at 80 ˚C.  The results of these studies confirm that base hydrolysis
should be an effective approach for regenerating HE-laden activated carbon.
Preliminary results for the subsequent biological polishing (e.g., treatment) of the
hydrolysate by the denitrifying consortium that is being used in the pilot-scale
treatment system (see above) are encouraging and indicate that these
microorganisms can tolerate greater than ten-percent solutions of the HE
hydrolysate.  Experiments are in progress to define the ability of this system to
remove potentially hazardous hydrolysate byproducts (e.g., formate and nitrite).

CONCLUSIONS

We have successfully demonstrated the individual components required for the
production of an integrated system for the treatment of HE-laden waste water and HE-
laden activated carbon.  Such coupled chemical and biological treatment systems are
attractive due to their relatively simple operation, inherent adaptability, and favorable
economics.  In addition, biological treatment enjoys a high degree of public acceptance.
Accordingly, there are efforts within the U.S. DoD/DOE complex and in industry to
develop such processes for the treatment of hazardous-organic compounds, particularly
inventories of HE.  In addition, because our system permits the reuse rather than disposal
of activated carbon, waste minimization also is achieved and associated costs are reduced
substantially.  Work in progress is focused on demonstrating the operation of our coupled
system on waste forms generated within the U.S. DOE/DoD weapons complex.

Our work complements existing research in this area, which includes the efforts of the
U.S. Army to develop composting processes for the treatment of HE-contaminated soils,
and the efforts at the Los Alamos National Laboratory (LANL) to develop base-
hydrolysis methods for treating bulk HE directly.  We are in close contact with the
researchers at LANL so that we can mutually benefit from our complementary projects,
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particularly those experiments advancing our understanding of the base hydrolysis of
energetic materials.

The successful application of this technology will reduce the risk to the environment and
the public by eliminating HE residues that otherwise could contaminate surface soils and
ground water.  This will be accomplished because the biodegradation process leads to the
mineralization (e.g., conversion to carbon dioxide, nitrogen gas, and water) of parent
hazardous compounds.  Furthermore, this research will yield a waste-treatment
technology that can be readily modified for the biological destruction of other HE
compounds of interest to U.S. DoD facilities (e.g. Comp B, etc.), as well as for those
compounds currently under development and potentially will have broad applications in
the private sector.
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Figure 1.  The influence of cosubstrate selection on the degradation of RDX.
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Figure 2.  Diagram of the coupled chemical/biological treatment system that was
designed to regenerate HE-laden activated carbon.  In the initial step, activated carbon
columns are used to remove HE from the wastewater stream.  When the first column
reaches HE break-through it is switched over to the solvent-thermal treatment that
desorbs the HE, which is subsequently degraded in the fixed-bed bioreactor column.
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biological system.  Neither compound was detected in the effluent stream (limit of
detection is approximately 80 µg/L).
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Table 1.  Concentrations of nutrients required to support the growth of the microbial
consortium that degrades RDX and HMX under denitrifying conditions.

      g/L      
Phosphate buffer

K2HPO4 5.0
NaH2PO4 2.8

Nitrate
KNO3 1.6

Ca, Mg, NH4
CaCl2 • 2H2O 0.04
MgCl2 • H2O 0.10
NH4Cl 0.20

Ethanol (C2H5OH) 25.0

Sodium sulfite (Na2SO3) 0.02

      mg/L   
Trace Minerals

FeCl3 3.9
MnCl2 0.95
ZnCl2 0.66
CoCl2 • 6H2O 0.58
CuCl2 • 2H2O 0.30
Na2Mo4 • 2H2O 0.46
Na2B4O7 • 10H2O 0.24
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Table 2.  Composition of the off-gas generated by the pilot-scale treatment system that is
being used to degrade RDX and HMX.

Gaseous constituent Composition (%)

N2 98.48

O2 0.45

C2H5OH 0.38

CO2 0.28

H2 0.11

N2O NDa

CO NDa

  a Not detected.
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